Background: miR-141, miR-146b-5p, and the RNA-binding protein AUF1 are post-transcriptional regulators that play important roles in carcinogenesis. Results: miR-141 and miR-146b-5p repress AUF1, an inducer of mesenchymal features, through stabilizing the transcription factor ZEB1 and activating the serine-threonine kinase AKT. Conclusion: AUF1 is a prometastatic gene regulated by miR-141 and miR-146b-5p. Significance: miR-141, miR-146b-5p, and AUF1 could be of great cancer prognostic/therapeutic values.
coding RNAs. Mature miRNAs are 21-23-bp-long molecules, which regulate the expression of a plethora of genes involved in various biochemical pathways. Therefore, alteration of their expression is related to various diseases, including cancer (18) . Indeed, miRNAs act as tumor suppressors or oncogenes and are involved in various steps of the carcinogenesis process, including metastasis. Recent data showed their implication in the epithelial-to-mesenchymal transition process (19) . During EMT, cells lose their epithelial markers, such as E-cadherin and Epcam, whereas the mesenchymal markers, such as vimentin and N-cadherin, are up-regulated, resulting in loss of cell-cell contact and increase in the migration/invasion abilities. The EMT program is regulated by several transcription factors, including SNAIL, ZEB1, and TWIST (20) .
We have recently shown that the tumor suppressor protein p16
INK4a , hereafter referred to as p16, negatively regulates the expression of AUF1 through activating the turnover of its mRNA (10) and also positively regulates the expression of miR-141 and miR-146b-5p, two important tumor suppressor miRNAs (21) . Interestingly, the two miRNAs have been computationally predicted to have binding sites in the 3Ј-UTR of the AUF1 transcript (22) but have not been experimentally validated. Therefore, we sought to explore here the possible implication of miR-141 and miR-146b-5p in the post-transcriptional regulation of AUF1.
We have shown here that miR-141 and miR-146b-5p repress mesenchymal features through targeting AUF1-ZEB1 in osteosarcoma cells.
EXPERIMENTAL PROCEDURES
Cell Lines, Cell Culture, and Chemicals-The p16-defective osteosarcoma U2OS cell line and its isogenic EH1, which expresses CDKN2A under the control of an isopropyl 1-thio-␤-D-galactopyranoside-inducible promoter, are a generous gift from Dr. G. Peters (23) , and HFSN1 (primary normal human skin fibroblast) cells were routinely cultured in DMEM/F-12 medium supplemented with 10% FCS. Osteosarcoma cell lines (HOS, MG63, 143B, and SaOS2) were obtained from ATCC (Manassas, VA) and were cultured following the instructions of the company. All supplements were purchased from Invitrogen. Cells were maintained at 5% CO 2 in a 37°C humidified incubator. Actinomycin D was purchased from Sigma.
miRNA Target Prediction-miRNA targets were predicted using algorithms, including miRanda Human miRNA targets, miRDB, RNA22, and miROrg. To identify the genes commonly predicted by these different algorithms, the results of predicted targets were intersected using miRWalk.
RNA Purification and Quantitative RT-PCR-Total RNA, containing miRNA, was purified using the miRNeasy minikit (Qiagen) according to the manufacturer's instructions and was treated with RNase-free DNase before cDNA synthesis using either the Advantage RT-PCR kit (Clontech) or miScript II RT kit (Qiagen) for mature miRNAs. Quantitative RT-PCR was performed using RT 2 Real-Time TM SYBR Green qPCR Mastermix (Qiagen), and the amplifications were performed utilizing the Bio-Rad iQ5 multicolor real-time PCR detection system. The melting curve data were collected to check PCR specificity, the amount of PCR products was measured by threshold cycle (C t ) values, and the relative ratio of specific genes to GAPDH or U6 for each sample was then calculated. The respective primers were as follows: AUF1, 5Ј-GATCAAGGGGTTTTGGCTTT-3Ј (forward) and 5Ј-GTTGTCCATGGGGACCTCTA-3Ј (reverse); CDKN1A, 5Ј-CAGAGGAGGCGCCAAGACAG-3Ј (forward) and 5Ј-CCTGACGGCGGAAAACGC-3Ј (reverse); ZEB1, 5Ј-GGCAGAGAATGAGGGAGAAG-3Ј (forward) and 5Ј-CTTCAGACACTTGCTCACTACTC-3Ј (reverse); PDK1, 5Ј-CATGTCACGCTGGGTAATGAGG-3Ј (forward) and 5Ј-CTCAACACGAGGTCTTGGTGCA-3Ј (reverse); GAPDH, 5Ј-GAGTCCACTGGCGTCTTC-3Ј (forward) and 5Ј-GGGG-TGCTAAGCAGTTGGT-3Ј (reverse); mature miR-141, UAA-CACUGUCUGGUAAAGAUGG; and mature miR-146b-5p, UGAGAACUGAAUUCCAUAGGCU.
Immunoprecipitation and RT-PCR-Cell lysates were prepared from confluent cells, and 3 mg were incubated in the lysis buffer (50 mM Tris (pH 8), 100 mM NaCl, 10% glycerol, protease inhibitors, 5 mM DTT, and 2 units/ml RNasin), and 5 g of AUF1 mouse monoclonal antibody (mouse IgG1 was used as control) were added and mixed at 4°C for 4 h. An equal volume of protein A-agarose was added per immunoprecipitation and mixed overnight at 4°C. After centrifugation, the pellet was resuspended in 1 ml of TRI reagent used for RNA extraction. RT-PCRs were performed as described above.
Transfection and Viral Infection-pSILENCER-AUF1 siRNA, which targets all AUF1 isoforms (24) , was used at 0.5 g/ml for transfection utilizing Lipofectamine 2000 following the protocol recommended by the manufacturer (Invitrogen). pLKO.1-miRZip146b-5p (inhibitor of miR-146b-5p), pLKO.1-miRZip141 (inhibitor of miR-141), pCDH-miR-141 (expressing pre-miR-141), pCDH-miR-146b-5p (expressing pre-miR-146b-5p) (System Biosciences), pLenti-GIII-CMV-hHNRNPD-GFP-2A-Puro (expressing the p37 AUF1 isoform) (Applied Biological Materials Inc.), pGFP-C-shLenti-ZEB1-shRNA (specific downregulation of ZEB1) (Origene), and their control plasmids were used at 1 g/ml each for transfection of 293FT cells. Lentiviral supernatants were collected 48 h post-transfection. Culture media were removed from the target cells and replaced with the lentiviral supernatant and incubated for 24 h in the presence of 1 g/ml Polybrene (Sigma-Aldrich). Transduced cells were selected after 48 h with puromycin or G418. AKT siRNA (specific down-regulation of AKT) (Qiagen) was used at 20 nM, and transfection was performed using RNAiFect, following the protocol recommended by the manufacturer (Qiagen).
Dual-Luciferase Reporter Assay-U2OS cells were plated at 1 ϫ 10 5 cells/well on 6-well plates and transfected with 3 g of the luciferase/Renilla reporter vector containing either human AUF1 3Ј-UTR (871 bp), mutated sequence of the miR-141 or miR-146b-5p seed sequence, human ZEB1 3Ј-UTR (75 bp), mutated sequence of the AUF1 binding site in the corresponding sequence, human PDK1 3Ј-UTR, or the mutated sequence of the AUF1 binding site as well as a control sequence with no AU-rich conserved elements (GeneCopoeia). Transfection was carried out using Lipofectamine 2000, as recommended by the manufacturer (Invitrogen). At 24 h post-transfection, cells were seeded in a 96-well plate, and firefly and Renilla luciferase activities were consecutively measured using the Dual-Luciferase assay as recommended by the manufacturer (GeneCopoeia).
The firefly luciferase signal was normalized to the Renilla luciferase signal for each individual analysis. The mean and S.E. were calculated from three wells for each 3Ј-UTR activity and presented as -fold change over the non-stimulated control.
Northern Blot-Northern blot analysis was performed using the High Sensitive miRNA Northern blot assay kit as recommended by the manufacturer (Signosis, Inc.). In brief, total RNA was prepared using miRNeasy (Qiagen), and 5 g was separated using precast 15% TBE-urea gel (Signosis, Inc.). After transfer, nylon membranes (Signosis, Inc.) were UV-crosslinked and hybridized with DNA oligonucleotides complementary to miRNA or U6 that had been end-labeled with Biotin (Signosis, Inc.). Images were acquired with a CCD camera (LAS 4000, GE Healthcare).
Biotin Pull-down Analysis-The probes used to prepare biotinylated transcripts spanning the ZEB1 3Ј-UTR are CAA-GGCUCUAACCCGCCUUCAUCCAAUGUGUGGCCUAC-AAUAACUAGCAUUUGUUGAUUUGUCUCUUGUAUC-AAA (wild type) and CAAGGCUCUAACCCGCCUUCAUC-CAAUGUGUGGCCUACAAUAACUAGCAUUUGGGUCG-CCGUCUCUUGUAUCAAA (mutated). The probes used to prepare biotinylated transcripts spanning the PDK1 3Ј-UTR are UCUUACCUCUGAGGUUAAUUUACCAUUUUUAAA (wild type) and UCUUAGCUCUGAGGGGCCGCAACCAU-UUUUAAA (mutated). Biotinylation was performed using the RNA 3Ј-end biotinylation kit as instructed by the manufacturer (Thermo Scientific). Cytoplasmic lysates (200 g/sample) were incubated with 3 g of purified biotinylated transcripts for 30 min at room temperature, and then the complexes were precipitated with streptavidin-coupled Dynabeads (Invitrogen) as described previously (3) . Proteins present in the pull-down material were analyzed by immunoblotting.
Cellular Lysate Preparation and Immunoblotting-This has been performed as described previously (5) . Antibodies directed against AUF1, E-cadherin (HECD-1), N-cadherin, Twist2, and vimentin (RV202) were purchased from Abcam; ZEB1 (4C4) antibody was from Abnova; p21 (F-5) and GAPDH (FL-335) antibodies were purchased from Santa Cruz Biotechnology, Inc.; p16 antibody was purchased from BD Biosciences; and AKT (C73H10), phospho-AKT (Thr-308), PDK1, phospho-PDK1 (Ser-241), and Epcam (VU1D9) antibodies were purchased from Cell Signaling Technology.
Quantification of Protein Expression Level-The expression levels of the immunoblotted proteins were measured using the densitometer (Bio-Rad GS-800 calibrated densitometer) as described previously (5) .
Analysis of mRNA Stability-Cells were challenged with actinomycin D (5 g/ml) for various periods of time (0 -6 h), and then total RNA was purified and assessed using qRT-PCR. Onephase exponential decay curve analysis (GraphPad Prism) (GraphPad software 5.03, Inc.) was used to assess mRNA decay kinetics (25) .
Cell Migration, Invasion, and Proliferation-These assays were performed in label-free real-time settings using the xCELLigence RTCA technology (Roche Applied Science), which measures impedance changes in a meshwork of interdigitated gold microelectrodes located at the well bottom (E-plate) or at the bottom side of a microporous membrane (CIM plate 16) (26, 27) . Cell migration and invasion were assessed as per the manufacturer's instructions. In brief, 2 ϫ 10 4 cells in serumfree medium were added to the upper wells of the CIM plate coated with a thin layer of Matrigel (BD Biosciences) basement membrane matrix diluted 1:20 in serum-free medium (for invasion) or non-coated (for migration). A complete medium was used as a chemoattractant in the lower chamber. Subsequently, the plates were incubated in the RTCA for 24 h, and the impedance value of each well was automatically monitored by the xCELLigence system and expressed as a cell index value, which represents cell status based on the measured electrical impedance change divided by a background value. Each assay was biologically performed in triplicate.
For the proliferation assay, exponentially growing cells (2 ϫ 10 4 ) were seeded in an E-plate with complete medium as per the manufacturer's instructions. Cell proliferation was assessed for 48 h. All data were recorded and analyzed by the RTCA software. Cell index was used to measure the change in the electrical impedance divided by background value, which represents cell status. Each assay was biologically performed in triplicate (28) .
Statistical Analysis-Statistical analysis was performed using Student's t test, and p values of 0.05 and less were considered as statistically significant.
RESULTS

miR-141 and miR-146b-5p
Negatively Regulate the Expression of AUF1-In order to investigate the possible implication of miR-141 and miR-146b-5p in p16-dependent regulation of AUF1, we first made use of miRNA databases to analyze the 3Ј-UTR of the AUF1 transcript. The AUF1 3Ј-UTR contains two potential binding sites for miR-141 located at bases 297-304 (mirSVR score ϭ Ϫ0.2859) and 820 -825 (mirSVR score ϭ Ϫ0.0174) and one potential binding site for miR-146b-5p with high complementarity located at bases 171-178 (mirSVR score ϭ Ϫ1.3007) (Fig. 1A) . These regions are highly conserved among different species (Fig. 1B) .
To study the effect of miR-141 and miR-146b-5p on AUF1 expression, the respective precursors were ectopically expressed in the p16-defective U2OS cells, and the skin fibroblast HFSN1 cells expressing CDKN2A shRNA (HFSN1p16sh). Both types of cells express low levels of these miRNAs (21) but high levels of AUF1 (10) . EH1 (U2OS isogenic cells, which express low levels of p16) and HFSN1 cells expressing a scrambled shRNA sequence (HFSN1C) were used as respective controls. Next, total RNA was prepared from these cells, and the level of the AUF1 mRNA was assessed by quantitative RT-PCR (qRT-PCR). Fig. 1C shows that the increase in the levels of pre-miR-141 and premiR-146b-5p reduced the level of the AUF1 mRNA 4-and 4.8-fold in U2OS and HFSN1p16sh cells, respectively. This level is similar to the AUF1 level observed in the EH1 and HFSN1C cells, which express normal levels of both miRNAs. These data indicate that miR-141 and miR-146b-5p are potential negative regulators of AUF1, and their expression mirrors the level of p16.
To confirm the increase in the level of the mature forms of these miRNAs following the ectopic expression of their precursors, we made use of the RNA prepared above to assess the levels of miR-141 and miR-146b-5p using Northern blotting. Fig. 1D shows that ectopic expression of pre-miR-141 and preMicroRNA-141 and MicroRNA-146b-5p Inhibit AUF1 and EMT NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 miR-146b-5p in U2OS and HFSN1p16sh cells increased the expression of the mature forms of these miRNAs.
To further evaluate the contribution of miR-141 and miR146b-5p in the negative regulation of the AUF1 expression, miR-141 and miR-146b-5p were inhibited by specific antimiRNAs (miRZips) in p16-proficient HFSN1 and EH1 cells, which express both miRNAs. A nonspecific sequence was used as control. Fig. 2A shows that the inhibition of miR-141 increased the expression level of the AUF1 mRNA in EH1 and HFSN1 cells. Similar results were obtained upon the inhibition of miR146b-5p (Fig. 2B ). These results indicate that, like p16, miR-141 and miR-146b-5p negatively regulate the AUF1 expression.
Next, we sought to evaluate the combined effect of both miR-141 and miR-146b-5p on the expression of AUF1. To this end, U2OS cells were sequentially co-transfected with pre-miR-141 and pre-miR-146b-5p, and total RNA was prepared from these cells and their controls. Subsequently, the level of mature miRNAs was assessed by qRT-PCR. Fig. 1E (left) shows clear up-regulation of both miRNAs in cells co-transfected with their precursors. Fig. 1E (right) shows that the level of the AUF1 mRNA did not further decrease in U2OS cells co-expressing both pre-miR-141 and pre-miR-146b-5p as compared with the AUF1 level in cells expressing only one of these miRNAs.
Control the AUF1 mRNA Expression via Its 3Ј-UTR-Next, we sought to evaluate the potential contribution of the miR-141 and miR-146b-5p binding sites in the AUF1 mRNA 3Ј-UTR to the regulation of AUF1 expression. To this end, intact AUF1 3Ј-UTR or mutated sequence for these binding sites was inserted into a luciferase/Renilla reporter vector ( Fig. 2C ) and introduced into U2OS cells stably expressing pre-miR-141, pre-miR-146b-5p, or empty vector (control). The reporter activity fused to the intact sequence of the AUF1 3Ј-UTR was significantly reduced in U2OS cells expressing premiR-141 or pre-miR-146b-5p as compared with the control cells (Fig. 2E) . Interestingly, this effect was abolished by mutating the putative miR-141 or miR-146b-5p binding sites within the 3Ј-UTR of the AUF1 mRNA (Fig. 2, D and E). This indicates that the effect of miR-141 and miR-146b-5p on AUF1 is mediated through interaction with their seeding sequence in the AUF1 3Ј-UTR.
The AUF1 Protein Level Is Modulated in a miR-141/miR146b-5p-dependent Manner-To investigate the effect of miR-141 and miR-146b-5p on the expression of the AUF1 protein, whole cell extracts were first prepared from EH1 cells expressing either miRZip-141, miRZip-146b-5p, or their control plasmid. Subsequently, the level of the AUF1 protein was assessed by immunoblotting. Fig. 3A shows that the inhibition of miR-141 increased 3-fold the level of the AUF1 protein. Similar results were obtained with the inhibition of miR-146b-5p (Fig.   3A) . However, the expression of pre-miR-141 or pre-miR146b-5p in U2OS cells decreased the level of the AUF1 protein 2.5-and 12.5-fold, respectively (Fig. 3B) . To further show this, . E, U2OS cells expressing pre-miR-141, pre-miR-146b-5p, or a control plasmid were stably transfected with the luciferase reporter vector bearing either the wild type AUF1 3Ј-UTR or a mutated sequence for one of the binding sites of miR-141 (residues 297-304) or miR-146b-5p. The reporter activity was assessed at 48 h post-transfection. Data (mean Ϯ S.E., n ϭ 4) are presented as percentage change in reporter activity as compared with the negative control cells (*) or to the wild type 3Ј-UTR (**). * and **, p Ͻ 0.0004. A and B, whole protein extracts were prepared and used for immunoblotting analysis utilizing antibodies against the indicated proteins. The numbers below the bands indicate the corresponding expression levels after loading correction against GAPDH. C, whole cell lysates were prepared from U2OS and EH1 expressing the indicated constructs, and 400 g of proteins were used for immunoprecipitation with anti-AUF1 antibody or anti-IgG (Control). The level of the CDKN1A mRNA was assessed by qRT-PCR of the corresponding immunoprecipitation material using specific primers. Error bars, S.E. values of three different experiments. D and E, total RNA was purified from the indicated cells, and the CDKN1A mRNA was amplified by qRT-PCR using specific primers. Error bars, S.E. values of three different experiments; *, p Յ 0.001.
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we investigated the effect of these miRs on p21, one of the major AUF1 targets (8) . Fig. 3A shows that the increase in the level of AUF1 with inhibition of miR-141 and miR-146b-5p led to a strong decrease in the expression of the p21 protein. However, the level of p21 was up-regulated in response to the expression of pre-miR-141 and pre-miR-146b-5p in U2OS cells, as compared with its level in the control cells (Fig. 3B) . These results confirm the role of miR-141 and miR-146b-5p as negative regulators of AUF1.
Because AUF1 binds the CDKN1A mRNA (8), we studied the effect of miR-141 and miR-146b-5p on this binding. Therefore, AUF1/mRNA ribonucleoprotein complexes were obtained by immunoprecipitation using anti-AUF1 antibody from EH1 cells expressing miRZip-141 or miRZip-146b-5p and from U2OS cells expressing either pre-miR-141 or pre-miR-146b-5p and their control counterparts. Subsequently, the CDKN1A mRNA was amplified by qRT-PCR using specific primers. Fig.  3C shows amplification of the CDKN1A mRNA, indicating the binding of the AUF1 protein to this molecule. Importantly, the level of the CDKN1A mRNA that was bound to AUF1 was higher in miRZip-141-and miRZip-146b-5p-expressing cells than in the control cells (Fig. 3C) . However, the level of the CDKN1A mRNA decreased upon expression of pre-miR-141 or pre-miR-146b-5p in U2OS cells (Fig. 3C ). Immunoprecipitation using IgG as a negative control showed undetectable signals. These data demonstrate that miR-141 and miR-146b-5p negatively control the expression of AUF1.
Interestingly, miR-141-and miR-146b-5p-dependent inhibition of AUF1 expression increased the level of the CDKN1A transcript in both U2OS and HFSN1p16sh to a level similar to that observed in EH1 and HFSN1C (Fig. 3D) . On the other hand, the inhibition of miR-141 and miR-146b-5p, which increased the level of the AUF1 protein, decreased the level of the CDKN1A mRNA (Fig. 3E ). This confirms that miR-141 and miR-146b-5p control the expression of AUF1.
Inverse Correlation between the Levels of miR-141/miR-146b-5p and AUF1 in Osteosarcoma Cell Lines-Next, we sought to assess the levels of p16, miR-141, miR-146b-5p, AUF1, and its target p21 in a panel of osteosarcoma cell lines. To this end, total RNA and proteins were extracted from these cells, and the levels of mature miR-141 and miR-146b-5p as well as the level of the AUF1 mRNA were assessed by qRT-PCR, whereas the levels of p16, AUF1, and p21 proteins were assessed by immunoblotting. Fig. 4A shows that, among these various cell lines, only those expressing p16 (EH1 and SaOS2) (Fig. 4C ) expressed high levels of mature miR-141 and miR-146b-5p. Interestingly, these two cell lines expressed low levels of both the AUF1 mRNA and protein as compared with the other cell lines (U2OS, HOS, and 143B), which express low levels of miR-141 and miR-146b-5p (Fig. 4, A-C) . However, MG63 cells, wherein the expression level of miR-141 and miR-146b-5p were low, expressed a moderate level of AUF1 (Fig. 4, B and C) . These results show the presence of an inverse correlation between the levels of miR-141/miR-146b-5p and the level of AUF1 in osteosarcoma cells. As expected, Fig. 4C shows also an inverse correlation between the level of AUF1 and that of p21.
miR-141 and miR-146b-5p Suppress the Proliferation and Migration/Invasion Abilities of U2OS Cells in an AUF1
/AKTdependent Manner-Because miR-141 and miR-146b-5p are implicated in various cancer-related processes (29, 30) , we sought to investigate the role of AUF1 in these processes and test whether AUF1 is an effector of these miRNAs. There- fore, U2OS cells were transfected with plasmids bearing premiR-141, pre-miR-146b-5p, or an empty vector used as control. After 72 h of transfection, cell migration/invasion were assessed. Cells were seeded in the upper wells of the CIM plate in the presence of Matrigel basement membrane matrix (invasion) or without (migration), and the invasion/migration were assessed for 24 h. Fig. 5, A and B, shows that the expression of pre-miR-141 or pre-miR-146b-5p, which reduced the level of the AUF1 protein similarly to the level observed upon downregulation of AUF1 using specific siRNA (Fig. 6A) , strongly reduced both the migration and the invasion of U2OS cells, with a higher effect of miR-146b-5p. A similar result was obtained when AUF1 was down-regulated using specific siRNA (Fig. 5, A and B) . Interestingly, when the p37 AUF1 isoform, which has the strongest affinity for the target transcript among the other isoforms (4, 5), was ectopically expressed in cells expressing pre-miR-141 or pre-miR-146b-5p, which increased the level of the AUF1 protein similar to that observed in the control cells (Fig. 6A) , the migration and invasion capabilities of U2OS cells were restored (Fig. 5, A and B) . This indicates that AUF1 enhances the migration/invasion abilities of U2OS cells and that miR-141 and miR-146b-5p inhibit these abilities through the repression of AUF1.
We next investigated the effect on cell proliferation after serial passaging of cells post-transfection. Fig. 5C shows that the expression of pre-miR-141 or pre-miR-146b-5p strongly reduced the proliferation rate of U2OS cells, with a higher effect of miR-146b-5p. A similar result was obtained when AUF1 was down-regulated using specific siRNA (Fig. 5C) . Interestingly, when the p37 AUF1 isoform was ectopically expressed in cells expressing pre-miR-141 or pre-miR-146b-5p, the proliferation rate was restored (Fig. 5C ). This indicates that AUF1 enhances the proliferation of U2OS cells and that miR-141 and miR146b-5p inhibit the proliferation of these cells through the repression of AUF1.
To explore the molecular mechanisms that underlay the modulation of the proliferation and the migratory/invasiveness capacities of U2OS by AUF1, miR-141, and miR-146b-5p, we investigated the possible activation of the pro-invasive/migratory and proliferative protein kinase AKT (31, 32) . Fig. 6A shows that whereas the expression of pre-miR-141 and premiR-146b-5p as well as AUF1 down-regulation had only a slight effect on the expression level of total AKT, the level of the active/phosphorylated form of this kinase AKT (Thr-308) was strongly reduced. As for the migration/invasion, ectopic expression of AUF1 in pre-miR-141-or pre-miR-146b-5p-expressing cells suppressed the effect of these miRNAs and restored the normal level of phospho-AKT (Thr-308) (Fig. 6A) . This implies that the miR-141-and miR-146b-5p-dependent repression of the invasiveness and migratory abilities of U2OS cells is mediated through the activation of AKT in an AUF1-dependent manner.
To confirm the role of AKT in this process, AKT was down-regulated using specific siRNA in the U2OS cells expressing either pre-miR-141 or pre-miR-146b-5p along with the p37 AUF1 isoform. A scrambled sequence was used as control. Whole cell extracts were prepared from these cells, and the levels of the AKT and the phospho-AKT (Thr-308) proteins were assessed by immunoblotting. Fig. 6B shows that AKT siRNA decreased the levels of both total and phospho-AKT (Thr-308) proteins. Subsequently, the invasion/migration as well as proliferation of these cells were assessed for 24 h as were added in serum-free medium to the upper wells of the CIM plates (Roche Applied Science) separated by an 8-m pore size PET membrane with a thin layer of Matrigel basement membrane matrix (Invasion) or without (Migration), and the migration/ invasion were assessed for 24 h using the RTCA instrument. Each assay was performed in triplicate. The results were expressed as mean cells/well. C, cells were transfected with the indicated constructs, and the proliferation rate was measured several passages post-transfection using the RTCA instrument and E-plates.
MicroRNA-141 and MicroRNA-146b-5p Inhibit AUF1 and EMT NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 described above. Fig. 6 , C-E, shows that down-regulation of AKT strongly repressed the migration/invasion and proliferation abilities of cells expressing p37 AUF1 in the presence of miR-141 or miR-146b-5p as compared with control cells. This indicates that the AUF1-dependent activation of the invasion/ migration and proliferation abilities of U2OS cells is mediated through the activation of AKT.
AUF1 Binds and Stabilizes the PDK1 mRNA-To explore the molecular mechanism underlying AUF1-dependent positive regulation of phospho-AKT (Thr-308), we studied the effect of AUF1 on the expression of PDK1, which phosphorylates AKT on Thr-308 (33) . To this end, whole cell extracts were prepared from U2OS cells expressing either AUF1 siRNA or a control plasmid, and the levels of the PDK1, phospho-PDK1 (Ser-241), and phospho-AKT (Thr-308) proteins were assessed by immunoblotting. Fig. 7A shows that AUF1 siRNA decreased the levels of both total and phospho-PDK1 (Ser-241) as well as phospho-AKT (Thr-308) proteins. Subsequently, the level of the PDK1 mRNA was assessed in these cells by qRT-PCR. Fig. 7B shows a clear decrease in the level of the PDK1 mRNA in AUF1 siRNA-expressing cells as compared with their control counterparts. In addition, the level of the PDK1 mRNA was assessed in EH1 cells expressing either the p37 AUF1 isoform or a control plasmid. Fig. 7B shows that the expression of the p37 AUF1 isoform in EH1 cells increases the PDK1 mRNA to a level higher than that in U2OS cells, indicating that AUF1 is a positive regulator of PDK1.
Because AUF1 is an RNA-binding protein, we sought to investigate whether AUF1 has any role in the stability of the PDK1 mRNA. Therefore, U2OS cells expressing AUF1 siRNA or a control plasmid as well as EH1 cells expressing either the p37 AUF1 isoform or a control plasmid were treated with the transcription inhibitor actinomycin D and then reincubated for different periods of time (0 -6 h). Total RNA was purified, and the mRNA level of PDK1 was assessed by qRT-PCR. Fig. 7C shows that the down-regulation of AUF1 in U2OS cells led to a clear decrease in the PDK1 mRNA half-life as compared with control cells. However, the ectopic expression of the p37 AUF1 isoform in EH1 cells increased the PDK1 mRNA half-life as compared with the corresponding control cells (Fig. 7C ). This FIGURE 6. AUF1 activates the migration/invasion abilities of U2OS through targeting AKT. A, whole cell lysates were prepared from the indicated cells and were used for immunoblotting using antibodies against the indicated proteins. B, cells were treated with either control or AKT siRNA, and whole cell lysates were prepared and used for immunoblotting analysis using antibodies against the indicated proteins. C-E, as described in the legend to Fig. 5 , A-C, respectively.
shows that AUF1 stabilizes the PDK1 mRNA. Next, we searched for an AUF1 binding site(s) on the 3Ј-UTR of the PDK1 mRNA, and we found a single AUF1 binding site (Fig. 7D,  top) . Therefore, we studied the binding of AUF1 to the PDK1 mRNA. To this end, biotinylated PDK1 3Ј-UTR bearing either the wild type or the mutated AUF1 binding site was synthesized and incubated with cytoplasmic cellular lysates prepared from U2OS expressing either AUF1 siRNA or the control plasmid. The 3Ј-UTR/AUF1 ribonucleoprotein complexes were precipitated, and the level of the AUF1 protein was assessed by immunoblotting. Fig. 7D (bottom) shows that AUF1 was associated with the PDK1 3Ј-UTR in U2OS cells, and this association was potently reduced when AUF1 was down-regulated in AUF1-deficient U2OS cells. Interestingly, the presence of a mutated AUF1 binding site abolished the binding of AUF1 to the PDK1 3Ј-UTR (Fig. 7D) . This shows that AUF1 binds to the PDK1 3Ј-UTR in vitro.
To further show this, we investigated the potential contribution of the AUF1 binding sites in the PDK1 mRNA 3Ј-UTR to the regulation of PDK1 expression. To this end, wild-type PDK1 3Ј-UTR or the mutated sequence at the AUF1 binding site was inserted into a luciferase/Renilla reporter vector and introduced into U2OS cells stably expressing AUF1 siRNA or empty vector (control). The reporter activity fused to the intact sequence of the PDK1 3Ј-UTR was significantly reduced in U2OS cells expressing AUF1 siRNA as compared with the control cells (Fig. 7E) . Interestingly, the activity was abolished by mutating the putative AUF1 binding site within the 3Ј-UTR of the PDK1 mRNA (Fig. 7E) . This further indicates that the effect of AUF1 is mediated through interaction with its seeding sequence in the PDK1 3Ј-UTR. Together, these data indicate that AUF1 regulates the phosphorylation of AKT via positive regulation of the PDK1 mRNA.
miR-141 and miR-146b-5p Suppress the Mesenchymal Features of Osteosarcoma Cells in an AUF1-dependent Manner-
The loss of epithelial markers and the up-regulation of mesenchymal genes is related to an increase in the invasion/migration as well as the proliferation capacities of cells. Therefore, we sought to confirm the role of miR-141, miR-146b-5p, and their downstream effector AUF1 on the expression level of the main EMT-related proteins by immunoblotting. Fig. 8A shows a clear increase in the level of the epithelial markers E-cadherin and Epcam in pre-miR-141, pre-miR-146b-5p, and AUF1 siRNA-expressing U2OS cells as compared with control cells. However, the levels of the mesenchymal N-cadherin, vimentin, Twist2, and ZEB1 proteins were reduced in these constructexpressing U2OS cells as compared with control cells (Fig. 8A) . This indicates that whereas miR-141 and miR-146b-5p activate the epithelial features, AUF1 is an activator of the mesenchymal characteristics. Interestingly, when AUF1 was expressed in cells expressing pre-miR-141 or pre-miR-146b-5p, the level of the epithelial E-cadherin and Epcam proteins decreased, whereas the levels of the mesenchymal N-cadherin, vimentin, Twist2, and ZEB1 proteins increased (Fig. 8A) . These results suggest FIGURE 7 . AUF1 binds and stabilizes the PDK1 mRNA. A, whole cell lysates were prepared from the indicated cells and used for immunoblotting analysis utilizing antibodies against the indicated proteins. B, total RNA was prepared from the indicated cells and utilized to amplify the indicated transcripts by qRT-PCR using specific primers. C, U2OS and EH1 cells expressing the indicated constructs were treated with actinomycin D and then reincubated for the indicated periods of time. Total RNA was extracted, and the remaining amount of the PDK1 mRNA was assessed using qRT-PCR. The dashed lines indicate the PDK1 mRNA half-life. Error bars, S.E. values of three different experiments. D, biotinylated PDK1 3Ј-UTR bearing either wild type or mutated sequence of the AUF1 binding site was incubated with cytoplasmic cellular lysate from the indicated cells, and the association of AUF1 with these RNAs was detected by immunoblotting using anti-AUF1 antibody. E, U2OS cells expressing AUF1 siRNA or a control plasmid were stably transfected with the luciferase reporter vector bearing either the wild-type PDK1 3Ј-UTR or a mutated sequence for the binding site of AUF1 (residues 556 -562). The reporter activity was assessed at 48 h post-transfection. Data (mean Ϯ S.E., n ϭ 4) were presented as a percentage change in reporter activity as compared with the negative control cells (*) or with the wild-type 3Ј-UTR (**). * and **, p Ͻ 0.00003.
MicroRNA-141 and MicroRNA-146b-5p Inhibit AUF1 and EMT NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 that miR-141 and miR-146b-5p repress the transition from epithelial to mesenchymal features through down-regulation of AUF1, which is an activator of this transition.
To explore the molecular mechanism that underlies AUF1-dependent activation of the mesenchymal features, we studied the effect of ZEB1 down-regulation on the expression of the EMT markers. Therefore, ZEB1 was knocked down using specific shRNA in the U2OS cells expressing either pre-miR-141 or pre-miR-146b-5p along with the p37 AUF1 isoform. A scrambled sequence was used as control. Whole cell extracts were prepared from these cells, and the levels of the ZEB1 and the other EMT markers were assessed by immunoblotting. Fig. 8B shows that ZEB1-shRNA decreased the level of ZEB1 as well as the levels of the mesenchymal N-cadherin and vimentin proteins, whereas the levels of E-cadherin and Epcam increased. Subsequently, the migration/invasion of these cells were assessed for 24 h. Fig. 8 , C and D, shows that down-regulation of ZEB1 strongly repressed the migration/invasion abilities of these cells, as compared with control cells. This indicates that the AUF1-dependent activation of the mesenchymal markers in U2OS cells is mediated through ZEB1 up-regulation.
AUF1 Binds and Stabilizes the ZEB1 mRNA-To explore the molecular mechanism underlying AUF1-dependent-positive regulation of ZEB1, we studied the effect of miR-141, miR146b-5p, and AUF1 on the expression of the ZEB1 mRNA.
Therefore, the level of the ZEB1 mRNA was assessed in U2OS cells expressing pre-miR-141, pre-miR-146b-5p, or AUF1 siRNA by qRT-PCR. Fig. 9A shows a clear decrease in the level of the ZEB1 mRNA in these cells as compared with control cells. This indicates that whereas miR-141 and miR-146b-5p are repressors of the ZEB1 expression, AUF1 is a positive regulator of this EMT transcription factor. Interestingly, the expression of AUF1 in U2OS cells expressing pre-miR-141 or pre-miR-146b-5p restored the expression of the ZEB1 mRNA to a level similar to that observed in control cells (Fig. 9A) . Furthermore, we have shown a strong correlation between the expression levels of AUF1 and ZEB1 in various osteosarcoma cell lines (Fig. 4B) . These results indicate that miR-141 and miR-146b-5p repress the expression of ZEB1 in an AUF1-dependent manner.
Because AUF1 is an RNA-binding protein, we sought to investigate whether AUF1 has any role in the stability of the ZEB1 mRNA. Therefore, U2OS cells expressing AUF1 siRNA or a control plasmid as well as EH1 cells expressing either the p37 AUF1 isoform or a control plasmid were treated with the transcription inhibitor actinomycin D and then reincubated for different periods of time (0 -6 h). Total RNA was purified, and the mRNA level of ZEB1 was assessed by qRT-PCR. Fig. 9B shows that the down-regulation of AUF1 in U2OS cells led to a significant decrease in the ZEB1 mRNA half-life similar to that FIGURE 8. miR-141 and miR-146b-5p promote epithelial features in U2OS cells through inhibition of AUF1 targeting ZEB1. A and B, whole cell lysates were prepared from the indicated cells and were used for immunoblotting analysis using antibodies against the indicated proteins. C and D, as described in the legend to Fig. 5, A and B, respectively. observed in the EH1 cells. However, the expression of the p37 AUF1 isoform in EH1 cells stabilizes the ZEB1 mRNA to a level similar to that in U2OS cells (Fig. 9B) . This shows that AUF1 reduced the turnover of the ZEB1 mRNA. Next, we searched for AUF1 binding site(s) on the 3Ј-UTR of the ZEB1 mRNA, and we found five different AUF1 binding sites (Fig.  9C) . Therefore, we studied the binding of AUF1 to the ZEB1 mRNA and the effect of miR-141 and miR-146b-5p on the amount of the AUF1-ZEB1 mRNA ribonucleoprotein complex using U2OS cells expressing either pre-miR-141, pre-miR146b-5p, or the control plasmid as well as EH1 cells expressing either miRZip-141, miRZip-146b-5p, or the corresponding control plasmid. AUF1 mRNA ribonucleoprotein complexes were obtained by immunoprecipitation using anti-AUF1 antibody and were used for qRT-PCR amplification using specific primers. Fig. 9D shows amplification of the ZEB1 mRNA, indicating the binding of the AUF1 protein to this transcript. Importantly, the level of the ZEB1 mRNA that was bound to AUF1 decreased in U2OS cells expressing pre-miR-141 or premiR-146b-5p, as compared with the control cells (Fig. 9D ). In contrast, the level of the ZEB1 mRNA that was bound to AUF1 increased in EH1 cells expressing miRZip-141 or miRZip-146b-5p, as compared with the control cells (Fig. 9D) . These results show that the amount of the AUF1-ZEB1 mRNA ribonucleoprotein complex is modulated in a miR-141-and miR-146b-5p-dependent manner and that these two miRNAs repress ZEB1 via down-regulation of its stabilizer, AUF1.
To further show the binding of AUF1 to the ZEB1 3Ј-UTR, biotinylated ZEB1 3Ј-UTR spanning either the wild type or the mutated AUF1 binding site were synthesized and incubated with cytoplasmic cellular lysates prepared from U2OS expressing either AUF1 siRNA or the control plasmid. The 3Ј-UTR-AUF1 ribonucleoprotein complexes were precipitated, and the level of AUF1 was assessed by immunoblotting. Fig. 9E shows that AUF1 was associated with the ZEB1 3Ј-UTR in U2OS cells, and this association was potently reduced when AUF1 was down-regulated in p16-deficient U2OS cells. Interestingly, mutation of its binding site abolished AUF1 binding to the ZEB1 3Ј-UTR (Fig. 9E ). This result shows the binding of AUF1 to the ZEB1 3Ј-UTR in vitro.
To further confirm this, we investigated the potential contribution of the AUF1 binding sites in the ZEB1 mRNA 3Ј-UTR to the regulation of the ZEB1 expression. To this end, wild-type ZEB1 3Ј-UTR or the mutated sequence for the second AUF1 binding site was inserted into a luciferase/Renilla reporter vector and introduced into U2OS cells stably expressing AUF1 siRNA or empty vector (control). The reporter activity fused to the intact sequence of the ZEB1 3Ј-UTR was significantly 001. E, biotinylated ZEB1 3Ј-UTR bearing either wild type or mutated sequence of the second AUF1 binding site was incubated with cytoplasmic cellular lysate from the indicated cells, and the association of AUF1 with these RNAs was detected by immunoblotting using anti-AUF1 antibody. F, U2OS cells expressing AUF1 siRNA or a control plasmid were stably transfected with the luciferase reporter vector bearing either wild-type ZEB1 3Ј-UTR or a mutated sequence for one of the binding sites of AUF1 (residues 953-959). The reporter activity was assessed at 48 h post-transfection. Data (mean Ϯ S.E., n ϭ 4) are presented as a percentage change in reporter activity as compared with the negative control cells (*) or with the wild-type 3Ј-UTR (**). * and **, p Ͻ 0.00003.
MicroRNA-141 and MicroRNA-146b-5p Inhibit AUF1 and EMT NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 reduced in U2OS cells expressing AUF1 siRNA as compared with the control cells (Fig. 9F) . Interestingly, the activity was abolished by mutating the putative AUF1 binding site within the 3Ј-UTR of the ZEB1 mRNA (Fig. 9F) . This further indicates that the effect of AUF1 is mediated through interaction with its seeding sequence in the ZEB1 3Ј-UTR.
DISCUSSION
After showing that p16 post-transcriptionally regulates the expression of AUF1 and is also a positive regulator of miR-141 and miR-146b-5p (10, 21), we present here several lines of evidence indicating that the RNA-binding protein AUF1 is a target of miR-141 and miR-146b-5p, two essential tumor suppressor miRNAs. First, there is high complementarity between mature miR-141 and miR-146b-5p and the 3Ј-UTR of the AUF1 mRNA. Second, the AUF1 3Ј-UTR was responsive to both miR-141 and miR-146b-5p. Third, mutated miR-141 and miR146b-5p binding sites in the AUF1 3Ј-UTR abolished their regulatory effects on AUF1. Fourth, the inhibition of miR-141 or miR-146b-5p with specific anti-miR inhibitors increased the expression of AUF1. Finally, ectopic expression of pre-miR-141 or pre-miR-146b-5p decreased the AUF1 level, which affects the expression of its target CDKN2A. These results provide the first indication that miR-141 and miR-146b-5p negatively regulate the expression of AUF1 and show that p16-dependent regulation of AUF1 is miR-141/miR146b-5p-related (summarized in Fig. 10 ). In line with this finding, we have shown the presence of an inverse correlation between the expression of p16/miR-141/miR-146b-5p and the level of their target AUF1 in various osteosarcoma cell lines. Interestingly, osteosarcoma cells that express low levels of miR-141 and miR-146b-5p (U2OS, HOS, MG63, and 143B) are highly aggressive and prometastatic as compared with the SaOS2 cell line (34) , which express high levels of these miRNAs and a reduced amount of AUF1. Similarly, these miRNAs are almost undetectable in the highly invasive and p16-defective breast cancer MDA-MB-231 cells, whereas AUF1 is highly expressed (15) . This indicates that this inverse relationship between miR-141/miR-146b-5p and AUF1 exists in different cancer cells and that the increase in the AUF1 level is related to more aggressive and prometastatic features.
In fact, several lines of evidence indicate that AUF1 has various procarcinogenic functions. Indeed, many AUF1-targeted transcripts encode products that control pro-and antioncogenic processes, and AUF1 levels are enhanced in numerous cancers. Furthermore, overexpression of AUF1 enhanced tumorigenesis in murine models (15) , and mice engineered to overexpress the p37 isoform of AUF1 developed undifferentiated sarcomas with high vascularization and cellularity (36) . Moreover, cytoplasmic expression of AUF1 was higher in malignant thyroid tissues as compared with benign tissues, and total or exon-selective knockdown of AUF1 led to growth inhibition accompanied by the induction of cell cycle inhibitors (37). Additionally, in breast carcinoma cells, AUF1 showed increased binding to a number of mRNAs linked to the transformation of epithelial cells (38) . Finally, signaling cascades that modulate the AUF1 function are deregulated in several cancerous tissues (15) . Importantly, the present findings added further weight to the oncogenic significance of AUF1 by presenting the first indication that this RNA-binding protein promotes the prometastatic mesenchymal features in osteosarcoma cells, whereas miR-141/miR-146b-5p-dependent suppression of AUF1 represses these features. To reach this conclusion, we have first shown that AUF1 enhances the migration/invasion and proliferation capabilities of U2OS cells. Indeed, similar to the ectopic expression of miR-141 or miR-146b-5p, down-regulation of AUF1 repressed the migration/invasion abilities as well as the proliferation rate of U2OS cells in an AKT-dependent manner. This indicates that AUF1 promotes the activation of this oncoprotein, which belongs to the important PI3K/ AKT/mTOR oncogenic pathway, one of the most frequently deregulated pathways in cancer (39) . The activation of AKT induces EMT in various cancer types (40 -42) . In squamous cell carcinoma lines, AKT induced EMT through transcriptionally down-regulating E-cadherin by inducing Snail (41) . To address the molecular mechanism underlying AUF1-dependent activation of the AKT protein kinase, we have shown that AUF1 binds to and stabilizes the mRNA of PDK1, which activates/phosphorylates AKT on Thr-308 (33) (Fig. 10) . It is also possible that AUF1 negatively targets the tumor suppressor PTEN phosphatase or activates the protein kinase PI3K, which are two major regulators of the AKT activity (43) .
Second, miR-141 and miR-146b-5p induce epithelial features through repression of AUF1, which favors the mesenchymal ones. Indeed, whereas ectopic expression of miR-141 and miR146b-5p up-regulated the epithelial markers E-cadherin and Epcam in osteosarcoma cells, the introduction of p37 AUF1 suppressed these genes and induced the mesenchymal markers N-cadherin, vimentin, Twist2, and ZEB1. By contrast, AUF1 knockdown also restored the epithelial features of osteosarcoma cells. In addition, we have shown that AUF1 positively regulates the expression of the E-cadherin repressor ZEB1. Further analysis revealed five putative AUF1-binding AU-rich conserved elements in the ZEB1 3Ј-UTR region (Fig. 9C) . Therefore, we have shown that AUF1 directly binds to the ZEB1 mRNA and reduces its turnover. Furthermore, the analysis of AUF1 and ZEB1 expression by qRT-PCR showed that their expression levels are remarkably correlative in the various osteosarcoma cell lines that have been studied (Fig. 4) , which further confirms the AUF1-dependent stabilization of ZEB1. These data suggest that ZEB1 contributes to the AUF1-related down-regulation of E-cadherin and the consequent induction of EMT in osteosarcoma cells. In addition to ZEB1, miR-141 and miR-146b-5p as well as their target AUF1 modulate the expression of other EMT-related markers, which could be mediated through direct interaction or indirectly via an EMT regulator.
It has been shown previously that miR-141 suppresses the EMT process through direct inhibition of ZEB1 (44 -46) . Therefore, miR-141 can represses ZEB1 either directly or indirectly through down-regulation of its stabilizer AUF1.
Furthermore, ZEB1 negatively controls miR-141, indicating the presence of a reciprocal negative feedback loop between ZEB1 and miR-141 (45) (Fig. 10) . The fact that miR-141 and AUF1 bind the ZEB1 3Ј-UTR suggests the presence of a third level of ZEB1 post-transcriptional regulation through possible competitive or cooperative interaction between this miRNA and AUF1.
The other effect of miR-141/miR-146b-5p/AUF1 on epithelial/mesenchymal characteristics could be mediated through the tumor suppressor p21 protein (Fig. 10) . Indeed, AUF1 negatively regulates p21 (8) , which is an inhibitor of EMT in breast and colorectal cancer cells (47, 48) through formation of a complex with ZEB1 (49) . This is consistent with the present findings, because U2OS cells that express a high level of AUF1 and low level of p21 exhibit high migration/invasion capabilities and more mesenchymal features. On the other hand, ectopic expression of pre-miR-141 or pre-miR-146b-5p decreased the AUF1 level and up-regulated p21 (Fig. 3) , which inhibited the mesenchymal markers and favored epithelial features (Fig. 8) . Furthermore, a direct effect of miR-146b-5p on p21 is also possible, as suggested by the miRTarBase prediction algorithm. However, using luciferase reporter assays, Borgdorff et al. (35) have reported a lack of direct interaction between miR-146b-5p and the CDKN1A mRNA.
In summary, we have shown here that miR-141 and miR146b-5p inhibit the prometastatic mesenchymal features through repression of the RNA-binding protein AUF1. The AUF1-dependent promotion of these features in osteosarcoma cells is mediated through stabilization/accumulation of ZEB1 and the activation of AKT via PDK1 up-regulation. These results shed more light on the capital role of the 3Ј-UTR-related posttranscriptional gene expression regulation in carcinogenesis, and suggest that miR-141, miR-146b-5p, and AUF1 may be of potential diagnostic and/or therapeutic value for treatment of osteosarcomas and possibly other types of cancer.
